Mutations in the RNA-binding protein FUS/TLS (FUS) have been linked to the neurodegenerative disease amyotrophic lateral sclerosis (ALS). Although predominantly nuclear, this heterogenous nuclear ribonuclear protein (hnRNP) has multiple functions in RNA processing including intracellular trafficking. In ALS, mutant or wild-type (WT) FUS can form neuronal cytoplasmic inclusions. Asymmetric arginine methylation of FUS by the class 1 arginine methyltransferase, protein arginine methyltransferase 1 (PRMT1), regulates nucleocytoplasmic shuttling of FUS. In motor neurons of primary spinal cord cultures, redistribution of endogenous mouse and that of ectopically expressed WT or mutant human FUS to the cytoplasm led to nuclear depletion of PRMT1, abrogating methylation of its nuclear substrates. Specifically, hypomethylation of arginine 3 of histone 4 resulted in decreased acetylation of lysine 9/14 of histone 3 and transcriptional repression. Distribution of neuronal PRMT1 coincident with FUS also was detected in vivo in the spinal cord of FUS R495X transgenic mice. However, nuclear PRMT1 was not stable postmortem obviating meaningful evaluation of ALS autopsy cases. This study provides evidence for loss of PRMT1 function as a consequence of cytoplasmic accumulation of FUS in the pathogenesis of ALS, including changes in the histone code regulating gene transcription.
INTRODUCTION
The neurodegenerative disease amyotrophic lateral sclerosis (ALS) is characterized by preferential loss of motor neurons, causing progressive paralysis leading to death from respiratory failure. Mutations in the FUS gene encoding fused in sarcoma/ translated in liposarcoma (FUS/TLS) account for 5% of familial ALS cases [familial amyotrophic lateral sclerosis (fALS)], known as fALS6 (1) (2) (3) . FUS functions as a heterogenous nuclear ribonuclear protein (hnRNP) with DNA/RNA-binding properties underlying roles in transcription (4), nuclear export and processing of mRNA (5) and transport of mRNA to dendritic spines (6) . Although some of these functions require nucleocytoplasmic shuttling, FUS predominantly resides in the nucleus. Postmortem analysis of spinal cords from fALS6 patients revealed retention of FUS in the cytoplasm of some motor neurons and glia in the form of granular, vermiform and skein-like inclusions (1, 3) . Interestingly, FUS-positive cytoplasmic inclusions have been found in motor neurons in ALS cases without fALS6 mutations, i.e. with sporadic [sporadic amyotrophic lateral sclerosis (sALS)] or other types of fALS (7), suggesting FUS mislocalization could be associated more generally with pathogenesis of ALS.
Asymmetric dimethylation of arginine residues (ADMA) is a post-translational modification catalyzed by the class 1 family of protein arginine methyltransferases (PRMTs) and is characterized by the addition of two methyl groups to the same guanidino nitrogen atom (8) . This post-translational modification regulates many cellular functions including nucleocytoplasmic shuttling of hnRNPs (8, 9) . We and others have reported that PRMT1, the most predominant class 1 arginine methyltransferase in † Present address: Miranda Writes Medical Communication, Toronto, Ontario M6R 2B1, Canada. * To whom correspondence should be addressed at: Montreal Neurological Institute, 3801 University Street, Room 649, Montreal, QC, Canada H3A 2B4. Email: heather.durham@mcgill.ca mammalian cells (10) , interacts with and methylates FUS and influences the nucleocytoplasmic distribution of wild-type (WT) and mutant FUS in a manner dependent on cell type and timing of PRMT1 inhibition (11) (12) (13) (14) (15) . For our study (11) , we established a primary culture model of fALS6 by expressing mutant or WT human FUS in motor neurons of murine spinal cord cultures. As in other models, the steady-state localization of mutant FUS, and to a lesser extent WT FUS, was shifted toward the cytoplasm. In those experiments, we observed a parallel change in the distribution of PRMT1 in motor neurons corresponding to FUS; PRMT1 was depleted from the nucleus when FUS was primarily cytoplasmic. We proposed that this redistribution of PRMT1 would result in hypomethylation of its nuclear substrates, including histones, which could have downstream effects on transcription. ADMA is known to regulate transcription via modification of histone proteins (16) as well as non-histone proteins including hnRNPs (17) .
Histone proteins form nucleosome core particles that package DNA into a compact structure and can thereby regulate its accessibility. Each assembled nucleosome comprises an octamer containing two copies of each core histone (H2A, H2B, H3 and H4). The flexible N-terminal tails of core histones are susceptible to post-translational modifications that include methylation, acetylation, phosphorylation and ubiquitination (18, 19) . These modifications can alter interactions between core histone components and thereby influence DNA binding, the higher-order structure of chromatin, transcription factor binding, or access to the transcriptional machinery. Histone modifications can also act in a combinatorial manner, influencing additional posttranslational modifications on the same or other histones (20) . Such combinations of these modifications may serve important regulatory functions to coordinate changes in gene expression at specific loci across the genome in response to different cellular states. This regulation could be particularly relevant to motor neuron health, as transcriptional dysregulation has been reported in motor neurons of individuals with ALS (21 -23) .
PRMT1 catalyzes ADMA of arginine 3 of histone 4 (H4R3) (24) , which can facilitate lysine acetylation of H4 at positions 5, 8, 12 and 16 (25) and H3 at positions 9 and 14 (26) . These histone acetylation marks are associated with the formation of active chromatin. In contrast, loss of H4R3 ADMA is accompanied by the formation of repressive heterochromatin (26) . In this study, we examined (i) the effect of cytoplasmic accumulation of FUS on the subcellular localization of PRMT1 in motor neurons and (ii) the consequence of PRMT1 redistribution to the cytoplasm on target histone modifications important for transcriptional regulation. Reduction in nuclear PRMT1 was accompanied by a dose-related decrease in the methylation of H4R3 and the acetylation of H3K9/K14 as well as chromatin condensation and reduction in RNA synthesis, suggesting that epigenetic mechanisms contribute to motor neuron dysfunction in ALS as downstream consequences of prolonged FUS mislocalization.
RESULTS

Cytoplasmic human FUS forms granular, vermiform and skein-like inclusions in cultured motor neurons
In our previous study, we established a primary culture model of fALS6 by expressing mutant or WT human FUS in motor neurons of murine spinal cord-dorsal root ganglion cultures (hereafter referred to as spinal cord cultures) by intranuclear microinjection of plasmid expression vectors (11) . In that study, motor neurons overexpressing mutant human FUS (R521 mutations), and to a lesser extent FUS WT , presented with granular cytoplasmic inclusions within 3 days (also shown in Fig. 1A -C) , the preponderance of which co-localized with the RNA-marker SYTO RNA Select (11) . Redistribution of mutant FUS was examined over a longer time course in the present study (Fig. 1) . Filamentous and skein-like inclusions developed in neurons expressing R521H for 6 -7 days (Fig. 1D -G) , reminiscent of the neuronal cytoplasmic inclusions observed in ALS spinal cord (1, 3) . Dendrites with skeinlike inclusions also appeared atrophic ( Fig. 1D and E) .
Live cell imaging of neurons expressing eGFP-tagged mutant FUS, using an Olympus VivaView incubator microscope, confirmed that large globular and filamentous inclusions formed as a result of growth and fusion of smaller aggregates. Timelapse imaging of neurons expressing eGFP-FUS R521H , or eGFP-FUS WT , carried out between Days 4 -7 post-injection showed FUS accumulating diffusely within the cytoplasm followed by a sudden coalescence into small granules throughout the neuron (Supplementary Material, Movie S1 showing imaging of a motor neuron expressing eGFP-FUS R521H as described in Materials and Methods). These inclusions moved, grew in size, fused and in some neurons lined up and fused into linear inclusions particularly in dendrites (formation of linear arrays in a motor neuron expressing eGFP-FUS R521H is shown in Supplementary Material, Movie S2). Ring-like FUS-positive inclusions were observed in the perikarya of some motor neurons (Fig. 1F) . Consistent with previous studies, inclusions were apparent when either mutant or WT FUS accumulated in the cytoplasm, modeling inclusions that occur in fALS6 and sALS.
In contrast to human FUS WT , the FUS R521H and FUS P525L mutants, the truncation mutant FUS 495X rarely formed inclusions when overexpressed in motor neurons but did accumulate in the cytoplasm (see Fig. 2A ).
To determine whether the endogenous mouse FUS codistributed with ectopically expressed human FUS, FLAG-FUS R521H (Fig. 1) or FLAG-FUS R495X (not shown) was expressed in motor neurons, and cultures were co-labeled with anti-FLAG and anti-FUS (antibody 11570-1-AP) to visualize both human FUS and total FUS in the same neurons (Fig. 1H-L) . When FLAG-FUS was completely cytoplasmic (by anti-FLAG labeling, Fig. 1H ), there was no nuclear signal from the anti-FUS antibody (Fig. 1I ), indicating that endogenous FUS was also depleted from the nucleus. Note endogenous FUS is visible in nuclei surrounding injected neurons indicating that the apparent disappearance of nuclear staining from the anti-FUS antibody was not due to imaging parameters too low to reveal endogenous FUS. A scan of fluorescence intensity through a plane of the cell including the nucleus (marked as a line in Fig. 1K ) showed similar patterns of anti-FUS and anti-FLAG labeling (Fig. 1L ).
Nuclear depletion of PRMT1 in neurons with cytoplasmic FUS
ADMA of FUS by PRMT1 regulates its subcellular localization and inhibition of PRMT1 activity retains WT or mutant FUS in the nucleus (11, 12, 14, 15 PRMT1 with FUS in motor neurons in those experiments, their co-distribution was evaluated quantitatively in the present study by double-label immunocytochemistry with anti-PRMT1 and anti-FLAG in neurons microinjected with constructs encoding FLAG-tagged WT or mutant (R521H, P525L and R495X) human FUS. The normal distribution of the endogenous murine proteins was evaluated in uninjected neurons. FUS and PRMT1 distribution was classified as either exclusively nuclear, exclusively cytoplasmic or distributed between both compartments, as illustrated in Supplementary Material, Figure S1A . The microinjection procedure had no effect on distribution of PRMT1 (Supplementary Material, Fig. S1B ). The nuclear/cytoplasmic distribution of PRMT1 was congruent not only with endogenous FUS in control cultures ( Fig , the concordance of their distribution was not as high as with other mutants. In no neurons was FUS R495X exclusively nuclear ( Fig. 2B ), yet 29% had exclusively nuclear PRMT1 (Fig. 2C) . Retention of nuclear PRMT1 could have been a consequence of deletion of the PRMT1-interacting domain; however, despite missing the C-terminus containing a nuclear localization sequence, this mutant was capable of entering the nucleus, as 17% of neurons had both nuclear and cytoplasmic protein labeled by anti-FLAG, in agreement with Bosco et al. (39) .
PRMT1 was not recruited to FUS inclusions. Even when PRMT1 was depleted from nuclei along with FUS, it was not detected in granular FUS inclusions of WT or mutant human FUS on Day 3 post-injection ( Fig. 2D ) nor in vermiform or skeinlike inclusions on Day 6 post-injection ( Fig. 2E ), indicating that PRMT1 does not maintain association with aggregated FUS.
A major function of FUS is transport of specific mRNAs to dendritic spines (6) . Presence of FUS at synapses has been demonstrated in cultured hippocampal neurons (6) and human and mouse brain (29) . Similarly, double label of spinal cord cultures with antibodies to FUS (11570-1-AP) and synaptophysin revealed endogenous FUS at dendritic spines of motor neurons (Fig. 2F ), whereas PRMT1 was not (Fig. 2G) .
To further examine the co-distribution of PRMT1 with endogenous FUS, cultures at two stages of development were double-labeled with anti-FUS and anti-PRMT1: at 2 weeks in vitro when FUS is almost exclusively nuclear, and at 4 weeks when motor neurons have developed dendritic spines and a greater proportion of motor neurons contain cytoplasmic FUS at a point in time (Fig. 2H) . Distribution of FUS and PRMT1 was categorized as in Supplementary Material, Figure S1B , i.e. exclusively nuclear, exclusively cytoplasmic or distributed between both compartments. As in Figure 2A , the distribution of PRMT1 paralleled FUS in both 2-and 4-week-old cultures, both being more cytoplasmic at 4 weeks in vitro compared with 2 weeks.
Endogenous FUS accumulates in the cytoplasm under conditions of cellular stress, including sorbitol-induced hyperosmotic stress (30) . To determine whether PRMT1 would also redistribute with FUS to the cytoplasm with added stress, cultures were treated with 0.4 M sorbitol for 2 h and subsequently doublelabeled with anti-FUS and anti-PRMT1. Treatment with sorbitol did indeed significantly shift both FUS and PRMT1 from the nucleus to the cytoplasm (Fig. 2I) .
In summary, PRMT1 distributed with FUS in motor neurons under both physiological conditions and under stress conditions that result in cytoplasmic accumulation/nuclear depletion of FUS, including osmotic stress and expression of ALS-causing FUS mutants.
Nuclear depletion of PRMT1 reduces asymmetric arginine dimethylation of histone 4
Next we tested the hypothesis that depletion of PRMT1 from the nucleus in neurons with mislocalized FUS would result in hypomethylation of PRMT1's nuclear substrates, using H4R3 as a representative substrate. PRMT1 is the major methyltransferase catalyzing asymmetric dimethylation of H4R3, a key regulator of transcription (24) . The milder R521H mutant was used in these experiments in order to evaluate neurons with nuclear, cytoplasmic or combined nuclear/cytoplasmic distribution of FUS, the severe mutants being almost exclusively cytoplasmic (Fig. 2B) . Methylation of H4R3 was evaluated by indirect immunocytochemistry with an antibody specifically recognizing asymmetrically methylated H4R3 [dimethylated arginine 3 of histone 4 (H4R3Me2)] (Fig. 3A) and quantified as pixel intensity of epifluorescence in motor neuron nuclei (Fig. 3B ). This antibody recognizes asymmetrically, but not symmetrically methylated H4R3 (31) . H4R3 ADMA was significantly decreased in motor neurons with predominantly cytoplasmic WT or R521H FLAG-FUS compared with neurons with nuclear FUS, 3 days after plasmid injection (Fig. 3B) .
Decrease in H4R3 methylation has been associated with the formation of repressive heterochromatin (26) . In neurons overexpressing human FUS in which FUS was exclusively cytoplasmic, Hoechst staining was highly condensed (see Fig. S2 ). Interestingly, chromatin was not condensed in neurons of control cultures that exhibited both nuclear depletion of endogenous FUS and PRMT1 (Supplementary Material, Fig. S1B ). Thus, severe chromatin condensation is not an obligate consequence, particularly under physiological conditions. H3k9/K14 acetylation is decreased in motor neurons with cytoplasmic FUS Acetylation of lysine residues of histones is a well-characterized post-translational modification, which plays a role in transcription by weakening the association between positively charged lysine residues and negatively charged DNA; this results in loosened organization of chromatin, allowing access to transcriptional machinery. Furthermore, histone modifications can act in a combinatorial manner (20) , for example, H4R3 ADMA by PRMT1 results in H4 and H3 acetylation (25, 26) . We hypothesized that decreased H4R3 ADMA associated with redistribution of FUS and PRMT1 to the cytoplasm would result in Human Molecular Genetics, 2015, Vol. 24, No. 3 777 decreased H3 acetylation at lysine residues 9 and 14 (H3K9/ K14ac). Acetylation of these residues was detected using antibody recognizing only the acetylated form and quantified as pixel density of epifluorescence of antibody labeling 3 days following microinjection of motor neurons with constructs encoding WT or R521H FLAG-FUS (Fig. 4A ). H3 acetylation was significantly decreased when either WT or R521H FUS was cytoplasmic compared with when FUS was nuclear (Fig. 4B ). Similar changes in histone marks were observed in spinal cord cultures treated with the PRMT inhibitor AMI-1, which preferentially, although not exclusively, inhibits PRMT1 (32). Histones were extracted via acid solubilization from control cultures and cultures treated with 20 mM AMI-1 for 24, 48 and 72 h and western blots were probed with antibodies to asymmetrically dimethylated H4R3 and acetylated H3K9/K14. H3K9/ K14 acetylation was significantly reduced in cultures treated with AMI-1 for 24 h compared with untreated cultures (Fig. 4C) . This decreased H3K9/K14 acetylation was not maintained in cultures treated longer than 24 h, suggesting desensitization to the compound's effect. By western analysis, H4R3me did not appear as affected by AMI-1 as H3K9/K14, even though both were significantly reduced in motor neurons, measured as pixel density of epifluorescence of H4R3Me2 and H3K9/14Ac labeling in nuclei of motor neurons with nuclear FUS (Fig. 4D) . In terms of the western analysis, it is possible that the methylation status of H4R3 changes during histone purification or that the effect of AMI-1 is more prominent in motor neurons than other cell types in the mixed culture.
Inhibiting histone deacetylase (HDAC) preserved H3K9/K14 acetylation in neurons expressing mutant FUS (Fig. 4) . Cultures were treated with 7.5 mM Vorinostat [suberanilohydroxamic acid (SAHA)] or vehicle for 48 h, beginning 24 hm postinjection of motor neurons with FLAG-FUS R521H construct. H3K9/K14 acetylation was maintained and even increased with SAHA treatment (Fig. 4E ) without significantly affecting H4R3 ADMA (Fig. 4F) .
Transcriptional activity is decreased in neurons with cytoplasmic FUS
Reduction in these histone modifications would be expected to have consequences on the transcriptional activity of the cell (33) . Because of the wide-ranging effects of FUS on gene transcription and RNA splicing (34) (35) (36) , overall transcriptional activity was assessed in neurons with nuclear or cytoplasmic FUS/ PRMT1 by employing a 5-bromouridine (BrU) incorporation assay to detect newly synthesized RNA. Indeed, BrU incorporation within the nucleus, measured as intensity of anti-BrdU immunolabeling, was significantly less in neurons with cytoplasmic endogenous FUS, compared with neurons with predominantly nuclear FUS (Fig. 5A) . Inhibiting PRMT activity with AMI-1 also reduced BrU incorporation, even in neurons with nuclear FUS, indicating that loss of PRMT1 function did indeed contribute to the decrease in transcription with loss of nuclear FUS (Fig. 5B) .
Unfortunately, the BrU assay was not meaningful in neurons overexpressing human FUS from plasmid DNA because of high background resulting from transcription of FUS from the plasmid CMV promoter. However, these data do demonstrate the importance of FUS localization in transcriptional regulation under normal conditions through its effect on PRMT1 function.
Coincident distribution of PRMT1 with WT or mutant FUS in murine spinal motor neurons in situ PRMT1 distribution also was evaluated in a transgenic mouse model produced by the Hayward lab (University of Massachusetts Medical School) (Fig. 6 ). Mice harboring WT or R495X human FUS transgenes were established by cloning cDNAs into MoPrP.Xho (ATCC #JHU-2) containing the promoter, 5
′ -intronic and 3 ′ -untranslated sequences of the murine prion protein (PrP) gene (Lawrence Hayward, personal communication). R495X lines, including the line PX78 used in this study, had 11-15 transgene copies and 3-to 5-fold FUS overexpression. While mice from the mutant FUS transgenic lines display no obvious weakness, abnormalities were detected by electromyography (EMG), including fibrillation potentials, muscle denervation and reduction in motor unit number estimation at 8 -12 months. These abnormalities did not occur in mice from lines expressing nuclear human FUS WT (lines PWT17 or PWT52, limited to three transgene copies, ,2-fold FUS overexpression). Non-transgenic littermates served as controls.
The distribution of FUS and PRMT1 assessed by double-label immunocytochemistry is shown in Figure 6 . Human FUS WT (Fig. 6D ) was mostly nuclear, similar to endogenous FUS in nontransgenic littermates (Fig. 6A) . A higher burden of cytoplasmic FUS R495X was observed in the perikarya of motor neurons in the anterior horn of the spinal cord ( Fig. 6G and J) , indicating a shift in the equilibrium of the mutant toward the cytoplasm in addition to its presence in the nucleus. Most neurons had a mixture of nuclear and cytoplasmic labeling, but the amount of cytoplasmic mutant FUS was variable as can be seen by comparing Figure 6G and J. No inclusions were identified by FUS immunohistochemistry (or by ubiquitin or p62 inclusion markers; data not shown). Like FUS, PRMT1 was predominantly nuclear in cross-sections of spinal cord from non-transgenic (Fig. 6B) and FUS WT transgenic (Fig. 6E) mice, but cytoplasmic labeling was detected in neurons in sections from FUS R495X mice ( Fig. 6H and K) in amounts relative to FUS.
Postmortem interval affects subcellular distribution of PRMT1
Cytoplasmic FUS inclusions have also been observed in spinal motor neurons in sporadic ALS (7) . However, in control experiments using archived autopsied spinal cord tissue from three individuals dying of non-neurological causes, we noticed that rather than the predominantly nuclear anti-PRMT1 labeling expected in motor neurons, labeling was mostly cytoplasmic (Fig. 7A) . Thus, we investigated the possibility that PRMT1 is lost from nuclei postmortem. This hypothesis was investigated in mice by fixing lumbar spinal cord immediately following euthanasia or after a postmortem interval of 6 h, considered to be a short postmortem interval for processing of human autopsy tissue. Cross-sections of spinal cord immunolabeled with antibody to PRMT1 or FUS are illustrated in Figure 7B . PRMT1 was depleted from the nucleus of motor neurons as early as 6 h of postmortem, despite persistence of nuclear FUS. Even following immediate immersion in formalin fixative, preservation of PRMT1 distribution was variable compared with perfusion fixation (as in Fig. 6 ) or cryopreservation (data not shown). Thus, PRMT1 is labile postmortem, obviating reliable studies with archived human autopsy specimens.
DISCUSSION
The majority of fALS6 patients present with mutations at the C-terminal region of FUS containing the nuclear localization sequence (37) . Cytoplasmic inclusions containing FUS have been observed in motor neurons of fALS and sALS patients (7), implicating altered trafficking and distribution of this hnRNP more generally in ALS pathogenesis. Furthermore, the degree to which ALS-linked FUS mutants accumulate in the cytoplasm of cultured cells generally correlates with severity of disease in patients (38, 39) .
We previously reported that asymmetric arginine dimethylation (ADMA) of FUS by PRMT1 is a strong regulator of FUS nucleocytoplasmic shuttling and that both WT and FUS mutants interact with PRMT1 (11), findings also reported by other labs (12) (13) (14) (15) . In the present study, we further developed the primary culture model in which WT or mutant human FUS is expressed in motor neurons of dissociated spinal cord cultures (11) and investigated how the interaction of PRMT1 and FUS might lead to loss of nuclear function of PRMT1 and contribute to toxicity.
In cultured motor neurons expressing R521H or P525L mutants, small cytoplasmic inclusions containing FUS developed by Day 3 post-microinjection of expression plasmid, resembling those in cell lines (11,38 -40) . However, by Day 7 of expression, large circular, vermiform and skein-like inclusions had developed, modeling the inclusions observed in human autopsy material. Time-lapse imaging showed that these large inclusions formed by either growth or fusion of small inclusions, or both. Motor neurons with cytoplasmic FUS also presented with atrophic dendrites, a common finding in ALS (41) . The truncation mutant R495X (39,42) was investigated in both cultured motor neurons and transgenic mice. Cytoplasmic FUS was increased in motor neurons expressing FUS R495X , both in the culture model and in transgenic mice, yet significant levels were retained in the nucleus (this mutant was both nuclear and cytoplasmic in .40% of neurons in the culture model and almost all spinal motor neurons in the transgenic mice). Thus, despite missing the nuclear localization sequence in the deleted C-terminus, FUS R495X can be imported into the nucleus, as previously reported by Bosco et al. (39) .
Using primary spinal cord cultures, we demonstrated that nuclear depletion of FUS resulted in loss of PRMT1 function Human
The mechanism underlying loss of nuclear PRMT1 is unclear. PRMT1 does not necessarily maintain association with FUS even though ADMA by PRMT1 is important for FUS trafficking, and the two proteins can be co-immunoprecipitated (11, (13) (14) (15) . PRMT1 was clearly not recruited to synapses with endogenous FUS, nor was it associated with cytoplasmic inclusions of WT or mutant human FUS in motor neurons. In contrast, others have reported that some PRMT1 was associated with inclusions of truncated FUS, as well as being diffusely cytoplasmic, and in stress granules in oxidatively challenged SH-SY5Y cells (15) . In addition, PRMT1 and PRMT8 accumulated in inclusion bodies in COS cells expressing FUS mutants (14) . There are 10 known alternatively spliced PRMT1 isoforms, only one of which, PRMT1v2, contains a nuclear export signal (43) . Shifting the proportion of alternatively spliced variants to PRMT1v2 cannot be excluded as an alternative explanation for the observed loss of nuclear PRMT1.
Redistribution of PRMT1 observed in the culture model was validated in vivo in mice. PRMT1 was predominantly nuclear in spinal motor neurons of non-transgenic mice and transgenic mice carrying the human FUS WT transgene, but both nuclear and cytoplasmic in FUS R495X transgenic mice, similar to the distribution of FUS. This pattern was consistent with observations in cultured motor neurons (this study) and HEK-293 cells [Bosco et al. (2010) ] (i.e. increased cytoplasmic FUS/PRMT1, but considerable retention in the nucleus) and with the very mild phenotype of these mice, only detected by EMG (39) .
Unfortunately, we could not reliably assess the distribution of PRMT1 in human tissue or whether it is mislocalized to the cytoplasm in neurons of ALS patients. By immunohistochemistry, PRMT1 was cytoplasmic in spinal motor neurons in the archived control tissue tested (spinal cord from individuals dying of nonneurological causes). A study in mice comparing PRMT1 distribution with time of processing demonstrated that postmortem interval before tissue fixation is the most likely reason for its cytoplasmic distribution in control autopsy tissue. Best results were obtained using perfusion fixation with paraformaldehyde (PFA) or cryopreservation; distribution of PRMT1 was compromised even with immediate immersion fixation in formalin or PFA. Similarly, endogenous PRMT1 was not retained in the nuclear fraction upon subcellular fractionation of cultured cells (Tibshirani, unpublished data) suggesting that interaction with its substrates is transient or labile. Loss of nuclear PRMT1 under these circumstances could be explained by compromised integrity of the nuclear membrane leading to leakage of small, soluble proteins such as PRMT1 into the cytoplasm and/or loss of energy-dependent protein interactions (44) . Although isoform switching to PRMT1v2 is a possibility in living cells, it seems unlikely postmortem. These experiments stress the importance of determining postmortem effects on cellular processes being investigated in such specimens.
Decreased H4R3Me2 and H3K9/K14Ac resulted from nuclear depletion of FUS and PRMT1. The normal function of FUS includes recruiting HDAC1 to sites of induced DNA damage, and this process is perturbed in cells expressing mutant FUS (45) . However, we observed decreased H3K9/ K14Ac when endogenous FUS or either WT or R521H FUS were depleted from the nucleus, indicating this decrease was inherent upon the localization of FUS rather than brought on by a functional consequence of the mutation. Decreased H4R3Me2 and H3K9/K14Ac had consequences on transcriptional activity. BrU incorporation into RNA was reduced in motor neurons with cytoplasmic endogenous FUS/PRMT1 compared with those with nuclear FUS/PRMT1, indicating this was a normal physiological process with FUS trafficking. The data are more than correlative. Reduction of PRMT1 expression has physiological consequences to motor neurons that relate to the ALS phenotype. These include reduction in mitochondrial size (11) and dendritic branching (Supplementary Material, Fig. S3) .
Overall, the data indicate that PRMT1 redistribution is a normal consequence of FUS localization. This conclusion is supported by the coincidence of FUS and PRMT1 localization in motor neurons of developing spinal cord cultures and those subjected to osmotic shock by treatment with sorbitol, both conditions associated with increased cytoplasmic distribution of endogenous FUS. It is possible that reducing the neuron's transcriptional activity while FUS delivers its cargo mRNAs to synapses could be an adaptation to prevent the production of excessive RNAs until the return of FUS to the nucleus. Regardless, should alterations in transcription be sustained, as in pathological retention of FUS brought on by mutation or long-term stress, consequences for neuronal function would be expected, particularly synaptic and dendritic maintenance. A difference between redistribution of endogenous FUS and ectopically expressed human FUS was the condensation of chromatin in the latter. This could reflect a difference in trafficking kinetics, a hypothesis being investigated, or other consequences of disrupted nuclear function of FUS. Regardless, chromatin condensation was not associated with apoptosis (neurons were not TUNEL-positive).
In summary, our results point to a sustained loss of nuclear PRMT1 function as a contributing mechanism of mutant FUS toxicity in ALS. Loss of nuclear PRMT1 correlated with cytoplasmic mislocalization of FUS and was associated with changes in histone marks linked to transcriptional inhibition. The extent to which this repression is general or affects particular gene families remains to be determined. Given that FUS itself can affect transcription of a large number of genes by binding to RNA polymerase (46) , its redistribution to the cytoplasm could, through a physiological process, influence transcription both directly and indirectly through PRMT1. Although cycling of PRMT1 between the nucleus and the cytoplasm is a normal physiological process, sustained loss of nuclear PRMT1 would be expected to have significant consequences on neuronal function in the context of pathological cytoplasmic FUS accumulation in ALS.
MATERIALS AND METHODS
Dissociated spinal cord cultures
Preparation of cultures of spinal cords (with attached dorsal root ganglia) from dissociated E13 mouse embryos, culture in hormone-and growth factor-supplemented medium, and identification of motor neurons in mixed cultures was as previously described (47, 48) . Cultures were used in experiments 3 -7 weeks after plating.
Gene transfer by intranuclear microinjection
Gene transfer to motor neurons was accomplished by intranuclear microinjection of plasmid vectors as described previously (48) , motor neurons in these long-term cultures not being amenable to transfection. Human FUS-encoding plasmids (WT and the mutants R521H, P525L and R495X) with an N-terminal FLAG-tag and in some cases an eGFP-tag (11) , were injected at a concentration of 20 ng/ml. 70-kDa dextran -fluorescein isothiocyanate was included in the injectate as an inert marker.
Immunocytochemistry and immunohistochemistry
Cultured cells were fixed in 3% PFA in phosphate-buffered saline (PBS) for 10 min, permeabilized in 0.5% NP-40 for 1 min and fixed once more for 2 min. Cells were then blocked in 5% horse serum in PBS for 30 min. Incubations in primary and secondary antibodies were for 30 min, followed by 3 × 5 min washes in PBS. Coverslips were mounted on microscope slides using DAKO mounting medium (Carpinteria, CA, USA). FUS WT and FUS R495X transgenic mice and non-transgenic littermates were perfused with 4% PFA in PBS for 30 min. Samples of brain and spinal cord were stored in 4% PFA at 48C. Immunolabeling was carried out on 4-mm sections from paraffin blocks. Antigen retrieval was performed by boiling tissues for 10 min with BD Retrievagen A pH 6.0 (BD Biosciences, ON, Canada). Tissues were incubated with primary antibody overnight at 48C followed by incubation in AlexaFluorconjugated secondary antibody, then mounted in Prolong Gold Antifade Mountant with DAPI (Life Technologies, Inc., Burlington, ON, Canada).
Human Molecular
For human spinal cord and mice used for the postmortem interval study, tissues were fixed in 10% neutral buffered formalin, embedded in paraffin and cut in 4 -mm sections. Two cases of sporadic ALS and two non-neurological control cases were examined, with postmortem intervals ranging from 6 to 26 h. Antigen retrieval was performed by boiling in sodium citrate buffer. Tissues were blocked in 5% BSA + 0.03% Triton X-100 in PBS for 1 h at RT. Samples were then incubated with primary antibody overnight at 48C followed by biotinylated secondary antibody. Labeling was visualized using Vectastain Elite ABC kit (Vector Labs, Burlington, ON, Canada) using diaminobenzidine as substrate and ImmPACT DAB peroxidase substrate kit (Vector Labs). The same protocol was used to mimic postmortem interval in mice. Adult C57Bl6 ( 12 months old) were euthanized by ketamine/xylazine intraperitoneal injection. Tissues were either perfuse-fixed with 4% PFA or immersionfixed in 10% neutral buffered saline immediately or with postmortem interval.
Imaging
Images were viewed using a Zeiss Observer Z1 microscope (Carl Zeiss Canada Ltd, Toronto, ON, Canada) equipped with a Hamamatsu ORCA-ER cooled CD camera (Hamamatsu, Japan). Filter sets 02, 13 and 00 were used for epifluorescence microscopy (Carl Zeiss Canada Ltd). Images were acquired and fluorescence intensity profiles were analyzed with Axiovision software (Carl Zeiss Canada Ltd).
Long-term time-lapse imaging of FUS inclusion formation was carried out in an Olympus VivaView incubator microscope (Olympus Canada, Inc., Richmond Hill, ON, Canada). Neurons were injected with eGFP-FUS R521H and imaged every 15 min from Days 4-6 post-injection. The scale bar on Supplementary Materials, Movies S1 and S2 in Supplementary Materials represents 20 mm.
Analysis of histone post-translational modifications
Histones were extracted from spinal cord cultures according to a modified protocol (49) . All reagents were pre-chilled on ice. Cells were washed in PBS, harvested into microfuge tubes and pelleted by centrifugation at 2800 g. To obtain nuclear and cytoplasmic fractions, the pellets were pipetted vigorously in 0.1% NP40 in PBS, then nuclei were pelleted by centrifugation at 2800 g. Nuclear pellets were dissolved in 0.4 N HCl and incubated on ice for 1.5 h. Acid-insoluble proteins were precipitated by centrifugation at 15 000 g. The supernatant was collected, and histones were precipitated by addition of trichloroacetic acid to a final concentration of 30% and incubated on ice for 1.5 h. Proteins were pelleted at 16 000 g for 10 min, and pellets were washed twice with ice-cold acetone. After air drying, pellets were dissolved in Laemmli buffer. Samples were separated by 15% SDS -PAGE and transferred to nitrocellulose membrane. Consistent loading of histone proteins was verified by Coomassie-staining of sister gels. Nitrocellulose membranes were blocked in 5% skim milk in TBS and probed with primary and HRP-conjugated secondary antibodies in 5% skim milk in TBS with 3 × 15 min washes with TBST. Optical density of bands was performed using NIH Image J software. Levels of H3 acetylation in samples from treated cultures were normalized to untreated control indicated by western blot and normalized once more to amount loaded compared with control indicated by Coomassie-staining.
Bromouridine incorporation assay
Cultures were incubated in 5 mM BrU in culture medium for 2 h at 378C. Cells were incubated in 3% PFA in PBS for 15 min at 378C, and incorporation was detected by immunocytochemistry with anti-BrdU antibody.
Antibodies and reagents
Antibodies used for this study were: mouse anti-FLAG M2 
